Motivation: 10 Short-read sequencing enables assessment of genetic and biochemical traits of individual genomic 11 regions, such as the location of genetic variation, protein binding, and chemical modifications. Ev-12 ery region in a genome assembly has a property called mappability which measures the extent to 13 which it can be uniquely mapped by sequence reads. In regions of lower mappability, estimates of 14 genomic and epigenomic characteristics from sequencing assays are less reliable. At best, sequenc-15 ing assays will produce misleadingly low numbers of reads in these regions. At worst, these regions 16 have increased susceptibility to spurious mapping from reads from other regions of the genome 17 with sequencing errors or unexpected genetic variation. Bisulfite sequencing approaches used to 18 identify DNA methylation exacerbate these problems by introducing large numbers of reads that 19 map to multiple regions. While many tools consider mappability during the read mapping process, 20 subsequent analysis often loses this information. Both to correct assumptions of uniformity in down-21 stream analysis, and to identify regions where the analysis is less reliable, it is necessary to know 22 the mappability of both ordinary and bisulfite-converted genomes. 23 1 Results: 24 We introduce the Umap software for efficiently identifying uniquely mappable regions of any genome. 25 Its Bismap extension identifies mappability of the bisulfite-converted genome. With a read length of 26 24 bp, 15.5% of the unmodified genome and 30% of the bisulfite-converted genome is not uniquely 27 mappable. This complicates interpretation of functional genomics experiments using short-read se-28 quencing, especially in regulatory regions. For example, 42% of human CpG islands overlap with 29 regions that are not uniquely mappable. Similarly, in some ENCODE ChIP-seq datasets, up to 30
High-throughput sequencing enables low-cost collection of high numbers of sequencing reads but 48 these reads are often short. Short-read sequencing limits the fraction of the genome that we can Figure 1 : Mappability of the genome by Umap. (a) The Umap workflow identifies all unique k-mers of a genome given a read length of k. (b) Mappability of the human genome and methylome for read lengths between 24 and 100. (c) All of the uniquely mappable reads in two regions with high and low multi-read mappability is shown. In Case 1 (blue), all possible reads covering the region are uniquely mappable. In Case 2 (magenta), only two reads out of 10 are uniquely mappable.
unambiguously sequence by aligning the reads to the reference genome ( Figure 1b ). Still, we can Figure 2 : Mappability of the methylome by Bismap. Bismap identifies uniquely mappable k-mers of a bisulfite-converted genome. It simulates the same changes that may occur in bisulfite treatment on the + strand (C→T) and − strand (G→A). To account for sequence of the − strand, we generate an extra set of reverse-complemented chromosomes and then simulate bisulfite conversion on these chromosomes. We don't simulate reverse complementation after bisulfite conversion, because the experimental protocol does not involve post-conversion DNA amplification. We then align k-mers by disabling complement search and combine the resulting data to quantify the mappability of a bisulfite-converted genome.
regions with low mappability, a high sequencing depth is required to assure that sequencing reads 56 completely overlap with few uniquely mappable reads in that region. If sequencing depth is low and 57 genomic variation or sequencing error is high, the signal from a low mappability region is biased by 58 reads falsely mapped to that region.
59
Most short-read alignment algorithms determine if any read maps to one or more regions in Single-read mappability assumes that uniquely mappable reads are uniformly distributed in the 92 genome, while in reality we observe frequent localized enrichment of uniquely mappable reads.
93
A region can have 100% single-read mappability, but a below-average number of uniquely map-94 pable reads that can overlap that region ( Figure 1c ). For example, a 1 kbp region with 100% single-95 read mappability can be mappable due to a minimum of 10 unique non-overlapping 100-mers or a 96 maximum of 1100 unique highly overlapping 100-mers. Therefore, we define the multi-read map-97 pability -the probability that a randomly selected read of length k in a given region is uniquely 98 mappable. For the genomic region G i:j starting at i and ending at j, there are j − i + k + 1 different 99 k-mers that overlap with G i:j . The multi-read mappability of G i:j is the fraction of those k-mers 100 that are uniquely mappable ( Figure 1c ). Umap uses three steps to identify the mappability of a genome for a given read length k (Figure 1a ).
103
First, it generates all possible k-mers of the genome. Second, it maps these unique k-mers to the 104 genome with Bowtie 2 version 1.1.0. Third, Umap marks the start position of each k-mer that aligns 105 to only one region in the genome. Umap repeats these steps for a range of different k-mers and 106 stores the data of each chromosome in a binary vector X with the same length as the chromosome's 107 sequence. For read length k, X i = 1 means that the sequence starting at X i and ending at X i+k 108 is uniquely mappable on the + strand. Since we align to both strands of the genome, the reverse 109 complement of this same sequence starting at X i+k in the − strand is also uniquely mappable.
110
X i = 0 means that the sequence starting at X i and ending at X i+k can be mapped to at least two 111 different regions in the genome.
112
Eventually, Umap merges data of several read lengths to make a compact integer vector for each 113 chromosome (Figure 1a , step 3). In this vector, non-zero values at position X i indicate the smallest 114 k-mer that position X i to X i+K is uniquely mappable with, where K is the largest k-mer in the 115 range. For example X i = 24 means that the region X i to X i+24 is uniquely mappable. This also 116 means that any read longer than 24 nucleotides that starts at X i is also uniquely mappable. multi-read mappability, meaning that single nucleotide polymorphisms or mutations can result in 254 probe multi-mapping (Figure 6a) . Similarly, 962 probes in the Illumina Infinium HumanMethyla-255 tion450 (450K) BeadChip are not uniquely mappable, and another 1,097 probes with single-read 256 mappability, have low multi-read mappability (Figure 6b) .
257
In addition, many publicly available RRBS datasets exist. In RRBS, only DNA fragments be- experiments found in DiseaseMeth did not map uniquely (Figure 6c ). In several examples we showed how mappability must be considered in analysis of sequencing data.
264
One needs to examine, however, the extent of genomic variation which affects mappability calcula-265 tions. Genetic variants specific to each sample make it impossible to know the exact mappability.
266
We introduced a measure called multi-read mappability for addressing this issue. Genomic regions 267 with higher multi-read mappability are less prone to be biased by genetic variants and sequencing 268 errors.
269
In ENCODE ChIP-seq experiments using short read lengths, we found many examples where 270 signal was within a uniquely mappable region but peaks identified by peak caller had substantial probes constitute only a small fraction of all probes (0.66% in the 27K array and 0.2% in the 450K 291 array), one must still use caution when interpreting methylation signal-or the lack thereof-in 292 these regions.
293
In our analysis of whole genome bisulfite sequencing data of mouse mammary tissue, among the 294 CpG dinucleotides that had a minimum coverage of 3 reads in all of the 5 different whole genome 295 bisulfite sequencing datasets, ∼0.15% were not uniquely mappable with 50 bp and 100 bp reads.
296
Such CpG dinucleotides must be excluded from analysis. RRBS usually involves filtering fragments 297 to only include those that are 40 bp-220 bp, and most RRBS reads are 50 bp or less 21 . This causes 298 a major issue for mapping of these reads. 
